INTRODUCTION
The cytochrome bc 1 complex (also known as ubiquinol-cytochrome c reductase or Complex III) is an essential segment of the electron transfer chains of mitochondria and many respiratory and photosynthetic bacteria (1). This complex catalyzes electron transfer from ubiquinol to cytochrome c and concomitantly translocates protons across the membrane to generate a membrane potential and pH gradient for ATP synthesis. The polypeptide composition of cytochrome bc 1 complexes from different sources varies from three to eleven subunits. The redox subunits: cytochrome b, cytochrome c 1 , and the Rieske iron-sulfur protein (ISP), are conserved in all cytochrome bc 1 complexes.
Recently, mitochondrial cytochrome bc 1 complexes from beef (2, 3) , chicken (4) , and yeast (5) were crystallized and their 3-D structure determined. These 3-D structures not only established the location of the redox centers, transmembrane helices, and inhibitor binding sites, but also showed an unexpected dimeric structural arrangement of this complex in the crystal (2) (3) (4) (5) . The two ISPs from the two monomers are intertwined; the head domain of ISP in one monomer is close to the cytochrome b and cytochrome c 1 in the other monomer.
The molecule of ISP can be divided into three domains: head, tail, and neck, with the 2Fe2S cluster located at the tip of the head (6, 7) . In tetragonal I4 1 22 crystals of native oxidized bovine cytochrome bc 1 complex, the 2Fe2S cluster in one monomer is 27 Å from heme b L of the other monomer and 40 Å from the heme b L of the same monomer (2) . This structural arrangement suggests that mitochondrial bc 1 complex functions as a dimer, since the distance between the 2Fe2S of ISP of one monomer and the low potential cytochrome b (b L ) of the other monomer is less than that between these groups in the same monomer. The shorter distance accommodates fast electron transfer from QH 2 to ISP and b L . However, a complex that exists as by guest on July 15, 2017 http://www.jbc.org/ Downloaded from 4 a dimer in the crystal might exist and function as a monomer in solution. Evidence for the cytochrome bc 1 complex functioning as a dimer or a monomer has been reported (8) (9) (10) (11) .
Therefore, it is important to establish whether or not the structure of the dimeric cytochrome bc 1 complex observed in the crystal also exists in solution.
One way to address this question is to generate a mutant bc 1 complex that forms two intersubunit disulfide bonds, one at the interface between the head domain of ISP and cytochrome b and the other at the proximity of the tail domain of ISP and cytochrome b. If the complex exists as a dimer with intertwining ISPs of the two monomers in solution, formation of these two intersubunit disulfide bonds should yield an adduct protein with an apparent molecular mass of 128 kDa containing two cytochrome b and two ISP proteins. If the complex exists as a dimer, but without intertwining of the two ISPs in the two monomers, or it exists as a monomer, formation of two intersubunit disulfide bonds would yield an adduct protein with an apparent molecular mass of 64 kDa containing only one cytochrome b and one ISP.
Since genetic manipulation of bovine heart mitochondria is not practical, R. sphaeroides is a better system for studying structural based functions of the bc 1 complex by molecular genetics.
The four-subunit R. sphaeroides bc 1 complex is functionally analogous to the mitochondrial complex; the largest three subunits (cytochrome b, cytochrome c 1 , and ISP) are homologous to their mitochondrial counterparts; and this system is readily manipulated genetically. In addition, R. sphaeroides expressing (His) 6 -tagged cytochrome bc 1 complex has been prepared (12) . This greatly facilitates the isolation of the bc 1 complex from wild-type or mutant cells. Recently, our laboratory has used this bacterial system to provide evidence for movement of the head domain of ISP during bc 1 catalysis (12) (13) (14) . Such movement was suggested by the 3-D structure of the mitochondrial bc 1 complex (2) (3) (4) 15) . Growth of Bacteria--E. coli cells were grown at 37°C in LB medium. Photosynthetic growth conditions for R. sphaeroides were essentially as described previously (14) . The concentrations of antibiotics used were: ampicillin, 125 µg/ml; Kanamycin sulfate, 30 µg/ml; tetracycline (10 µg/ml for E. coli and 1 µg/ml for R. sphaeroides); Trimethoprim (100 µg/ml for E. coli and 30 µg/ml for R. sphaeroides).
Enzyme Preparations and Activity Assay--Chromatophores were prepared as described previously (12) . The (His) 6 -tagged cytochrome bc 1 complexes were purified from chromatophores as previously reported (12) . To assay ubiquinol-cytochrome c reductase activity, chromatophores, or purified cytochrome bc 1 complexes were diluted with 50 mM Tris- Differential Scanning Calorimetry--Calorimetric measurements were performed with a CSC 6100 NanoII DSC. All reference and sample solutions were degassed prior to use. A 0.33 ml of bc 1 solution, 2 mg/ml, in 50 mM K/Na phosphate buffer, pH 7.4, containing 100 mM KCl and 0.5% octylglucoside was placed in the sample capillary cell, and the same amount of buffer was placed in the reference capillary cell. The scanning rate was 1 °C /min for both heating and and N36(ISP)/G89(cytb) were also generated and used as controls (see Table I ). On the other hand, the K70C(ISP)/A185C(cytb)//P33C(ISP)/G89C(cytb) and 11 respectively, 17, 22, 57, 57, and 96% of the bc 1 activity found in wild type chromatophores (see Table I ). When these chromatophore preparations were subjected to Western blot analysis using antibodies against R. sphaeroides b and ISP, no protein band corresponding to the adduct of cytochrome b and ISP was observed, indicating that no disulfide bond is formed between the engineered cysteines during anaerobic photosynthetic growth. No disulfide bond formation is expected because photosynthetic growth is under strict anaerobic conditions. Without oxygen no disulfide bond can be formed even if the two cysteines are in favorable positions.
When the His 6 -tagged bc 1 complexes were purified from these five freshly prepared mutant chromatophores, the P33C(ISP)/G89C(cytb) and N36C(ISP)/G89C(cytb) single-cysteine-pair mutant complexes have the same activity the same as that found in their respective chromatophores, based on cytochrome b content (see Table I ). Activities in these two single- (Table I) . Activities in these three mutant complexes decreased during storage at 0 °C. Almost no activity remained after 30 hr. Under identical conditions, no activity loss was observed for the wild type complex.
When these purified mutant complexes were treated with SDS at 37 °C for 2 h and subjected to electrophoresis in the absence of β-ME, an adduct protein band with an apparent molecular mass of 64 kDa, the size of one cytochrome b and one ISP, was detected in the single- activity, were treated with β-ME, the activities were restored to the same level as those in their respective chromatophores prepared in the presence or absence of β-ME (Table II) . No adduct protein with an apparent molecular mass of 128 kDa containing 2 cytochrome b and 2 ISP subunits was detected in these β-ME treated complexes (see Fig. 2 ). These results confirm that the loss of activity in these two mutant complexes results from the formation of two intersubunit disulfide bonds between ISP and cytochrome b.
Activity restoration by β-ME was also observed with the K70C(ISP)/A185C(cytb) singlecysteine-pair mutant complex (Table II) . This reactivation was accompanied by the disappearance of the 64-kDa ISP-cyt b adduct protein (Fig. 2) . Thus disulfide bond formation between the head domain of ISP and cytochrome b arrests the mobility of the ISP head, causing the bc 1 activity loss.
When the N36C(ISP)/G89C(cytb) and P33C(ISP)/G89C(cytb) mutant complexes, which had the same activity as that in their respective chromatophores and showed the 64 kDa ISP-cytb adduct protein, were treated with 100 mM β-ME, about 70% of the bc 1 activity was lost and the 64 kDa adduct protein disappeared. The loss of activity in these two β-ME treated mutant complexes is rather surprising, since their respective mutant chromatophores, prepared in the absence and presence of β-ME, have the same bc 1 activity (Table II) and contain no intersubunit disulfide bond. Spectral analysis revealed that the β-ME-treated N36C(ISP)/G89C(cytb) and P33C(ISP)/G89C(cytb) mutant complexes had only 50% of the cytochrome b content found in their respective untreated complexes, indicating that β-ME causes the release of heme b from its apoprotein, and thus loss the activity. Under identical conditions no heme b release was observed in the wild-type complex, double-cysteine-pair mutant complexes of complexes are not affected by the formation of two disulfide bonds. Therefore, the loss of bc 1 activity is not due to a change of microenvironment in ISP.
The 2Fe2S cluster in the N36C(ISP)/G89C(cytb) mutant complex has an EPR spectrum identical to that observed in the wild type complex with the g x at 1.80, suggesting that formation of an intersubunit disulfide bond between the tail domain of ISP and cytochrome b has no effect on ISP. The 2Fe2S in the K70C(ISP)/A185C(cytb) mutant complex, with and without β-ME treatment, has the same EPR spectrum with a g x at 1.78 (see Fig. 3 ). This coupled with the fact that the 2Fe2S cluster in the A185C(cytb) mutant complex has an EPR spectrum identical to that observed in the wild type complex with the g x at 1.80, whereas the 2Fe2S in the K70C(ISP), mutant complex has a broadened g x signal that is shifted to 1.77, suggests that the shift of the g The distances were measured from C-β to C-β (except with glycine which is to C-α).
b Ps, photosynthetic growth. ++, cell growth rate is essentially the same as that of the wild type cells; +, cell grow photosynthetically but at a rate slower than that of the wild type; -, no photosynthetic growth in 4 days. b -samples prepared in the absence of β-ME.
c + samples prepared with buffers containing 100 mM β-ME.
d -samples stored at 0 °C for 30 hr after preparation.
e + stored samples treated with 100 mM β-ME. The distances between the engineered cysteines are measured from Cβ to Cβ. and lysozyme (20.7 kDa). WT, wild type. 
